Background--Patients with unprovoked venous thromboembolism (VTE) can be stratified according to their recurrence risk based on their sex, the VTE location, and D-dimer measured 3 weeks after anticoagulation by the Vienna Prediction Model. We aimed to expand the model to also assess the recurrence risk from later points on.
P
atients with venous thromboembolism (VTE) that occurs in the absence of a transient risk factor including surgery, trauma, immobilization, or pregnancy have a high risk of recurrence. 1 These patients are candidates for extended anticoagulation already after a first event provided that risk factors of bleeding are modest and that good anticoagulant control can be achieved. However, the majority of these patients stays recurrence free and, if anticoagulated, are unnecessarily exposed to a bleeding risk. For vitamin K antagonists the annual risk of bleeding ranges between 1% and 3% [2] [3] [4] and is not substantially lower with the new oral anticoagulants. [5] [6] [7] Some patients also dislike anticoagulation because of the prospect of a long-time medical treatment or inconveniences in professional life. 8 Over the last years, attempts have been made to more precisely estimate the risk of recurrence after an unprovoked VTE to improve the identification of patients who clearly benefit from extended anticoagulation. Palareti and colleagues were the first to show an association between levels of D-dimer and the risk of recurrence. 9 In confirmation of these data, we found that patients with unprovoked VTE and a D-dimer <250 ng/mL 3 weeks after discontinuation of anticoagulation have a risk of recurrence as low as 3.7% after 2 years. 10 According to another Italian study, the high risk of recurrence of patients with abnormal D-dimer after discontinuation of anticoagulation can be substantially reduced by extending anticoagulation.
11
To further improve risk assessment of recurrent VTE, clinical risk factors were combined with D-dimer measurement with the intention to create prediction rules. In a prospective study from Canada, signs of postthrombotic syndrome, high D-dimer while taking warfarin, obesity, and advanced age were predictive of an increased recurrence risk in women. 12 In an individual patient data meta-analysis of 7 prospective studies enrolling patients with a first objectively diagnosed VTE, abnormal D-dimer after stopping anticoagulation, younger age, male sex, and VTE not associated with female hormonal therapy were the main predictors of recurrence. 13 We recently presented the Vienna Prediction Model, which allows prediction of recurrent VTE in patients with unprovoked deep vein thrombosis (DVT) and/or pulmonary embolism (PE). 14 Of 7
variables including age, sex, thrombus location, body mass index, factor V Leiden, prothrombin mutation, and D-dimer (which were preselected as relevant risk factors), only the patient's sex, thrombus location, and D-dimer were relevant predictors of the recurrence risk. On the basis of these variables, we developed a nomogram and a web-based risk calculator (http://cemsiis.meduniwien.ac.at/en/kb/scienceresearch/software/clinical-software/recurrent-vte/) to calculate risk scores and to estimate the cumulative probability of recurrence in an individual patient. Our original model allows prediction of recurrence at a single point, that is, 3 weeks after anticoagulation. The main aim of this analysis was to also expand the model to assess the recurrence risk from later points. For this purpose we integrated D-dimer levels measured at several times after anticoagulation with the patient's sex and location of VTE. In addition, we updated our risk model on the basis of a larger number of recurrent events and a longer observation time.
Methods

Study Population
This analysis was part of the Austrian Study on Recurrent Venous Thromboembolism, which is a prospective cohort study recruiting patients from 4 thrombosis centers in Vienna, Austria. 15 Patients with a first VTE seen between January 2000 and August 2008 who had been treated with oral anticoagulants for ≥3 months were included. Patients with VTE provoked by surgery, trauma, pregnancy, or female hormone intake, with a natural inhibitor deficiency, the lupus anticoagulant, or cancer were excluded. Diagnosis of DVT was established by a positive finding on venography or color duplex sonography. The diagnosis of PE was confirmed by spiral computed tomography or ventilationperfusion scanning. Patients with both symptomatic PE and DVT were classified as having a PE.
The end point of the study was recurrent symptomatic DVT confirmed by venography or color duplex sonography (in case of proximal thrombosis of the contralateral leg) or recurrent symptomatic PE, confirmed by ventilation-perfusion scanning and/or spiral computed tomography. The ethics committee of the Medical University of Vienna approved the study, and all patients provided written informed consent.
Blood Sampling and Laboratory Analyses
Venous blood was collected into 1/10 volume of trisodium citrate 0.11 mmol/L and was immediately centrifuged for 20 minutes at 2000g. The plasma was stored at À80°C. At baseline, that is, 3 weeks after discontinuation of vitamin K antagonists at the time when the prothrombin time had normalized, determination of antithrombin, protein C, and protein S, diagnosis of a lupus anticoagulant, and screening for factor V Leiden and for prothrombin G20210A were performed according to standard protocols. D-Dimer was determined by ELISA (Asserachrom D-Dimer, Boehringer Mannheim, Germany). Patients were seen 3 weeks (baseline) and 3, 9, 15, and 24 months after discontinuation of vitamin K antagonists. At these times blood for D-dimer measurement was obtained. If patients could not adhere to their prescheduled appointments, blood samples were taken between the times.
Statistical Analysis
We used a cause-specific cumulative incidence curve to describe the time to recurrence of VTE. D-Dimer values were log-base-2-transformed before further statistical analysis because of their skewed distribution. The effect of time since anticoagulation on the longitudinal D-dimer values was assessed using a linear mixed random coefficients model including time since end of anticoagulation as fixed effect and patient-specific random coefficients for the effect of time (intercept and slope).
We estimated a dynamic prediction model based on a stratified Fine-Gray regression model to incorporate the longitudinal D-dimer values into our previously published prediction model, including sex, location of primary VTE and D-dimer as predictors. 16, 17 The Fine-Gray model is a modification of the Cox model, enabling the estimation of cumulative recurrence via covariates in the presence of competing risks and thus accounting for the finding that in some patients recurrence can never be observed because of mortality after reinitiating anticoagulation. Effects of covariates on the cumulative recurrence rate are quantified as subdistribution hazard ratios. The dynamic prediction model not only allows making predictions of the cumulative recurrence risk at baseline, but also at later times conditional on being recurrence free up to those later times and using updated D-dimer values. Technically, the analysis is carried out in 2 steps. In the first step, multiple modified copies of the original data set are constructed, each with a different so-called landmark time, which in our case was defined as ranging from 0 to 24 months. Each modified copy of the original data set includes only those patients who are still at risk for recurrence at time of the landmark. In the second step, the copies are combined into 1 "stacked" data set and analyzed using a stratified Fine-Gray regression model, in which the landmark time is used as a stratification factor. To avoid underestimation of the variance because of the artificial multiple appearance of many patients in the analysis, the sandwich estimator of the covariance is used. 18 Furthermore, interaction (product) terms of the covariates with the landmark time were included. Based on graphical examinations, we assumed linear interaction with landmark time for the effects of sex and log D-dimer, and a quadratic (U-shaped) interaction with landmark time for location. In our study, we were interested in predicting the cumulative recurrence risk up to 5 years from baseline. Thus, the prediction horizon was set to 5 years from the landmark time, implying that events after the prediction horizon were censored. Landmark-specific global shrinkage (calibration) factors were computed using leave-one-out resampling 19 and, based on graphical examination, were assumed to follow a quadratic relationship with the landmark time. The coefficients of the dynamic prediction model estimated on the original data were multiplied by the respective shrinkage factors. Performance of the recalibrated model was assessed by cross-validated discrimination indices (c-indices) for predicting the cumulative recurrence risk 60 months after the landmark time modified for the competing risk situation. 20 Calibration of the dynamic prediction model was assessed by comparing the predicted and the observed 60 months of cumulative recurrence rates in quartiles defined by the linear predictor, showing mean observed and predicted cumulative recurrence rates and standard deviation of the predicted rates. We used the leaveone-out cross-validation approach for assessing discrimination and calibration of the model, and discrimination and calibration of the dynamic prediction model was assessed separately for prediction from landmark times of 0, 3, 9, 15, and 24 months. All analyses were carried out using SAS Version 9.3 (2011 SAS Institute Inc, Cary, NC) and R version 2.12.2 (http://www.r-project.org). The dynamic prediction model was fit using the PSHREG SAS macro. 21 
Results
Patients
The study population comprised 553 patients with a first unprovoked VTE (Table 1) . Patients were on average 53 years old, and 40% were female. The initial VTE was a distal DVT of the leg in 16.1%, a proximal DVT of the leg in 38.5%, and a PE with or without DVT in 45.4%. Twenty-three percent were heterozygous carriers of the factor V Leiden mutation and 5%
of the prothrombin mutation. The median duration of anticoagulation was 6.7 months. Patients were followed in median for almost 6 years. One hundred and fifty patients had recurrent VTE (DVT in 78 patients and PE in 72 patients). Recurrence was unprovoked in 129 patients (86%). During follow-up 73 patients (13.2%) started antithrombotic treatment for reasons other than VTE, and 7 patients (1.2%) died. These events were counted as competing events. The cumulative probability of recurrence was 7.2% (95% CI, 5.0% to 9.3%) after 1 year and 23.0% (95% CI, 19.2% to 26.6%) after 5 years (Figure 1 ).
D-Dimer Levels After Discontinuation of Anticoagulation
D-Dimer levels at baseline (3 weeks after discontinuation of anticoagulation) varied considerably between patients and did not substantially-albeit statistical significantly (P<0.001)-increase over 2 years ( 
Updated Prediction Model
We estimated the effects of sex, location of first VTE, and D-dimer on recurrence risk using a multivariable dynamic prediction model (Table 3) . Hazard ratios of recurrence from baseline and 3, 9 and 15 months after the initial event were calculated. The effect of male sex on recurrence risk decreased over time. The risk of recurrence in patients with PE or proximal DVT was higher than in those with distal DVT from all time points or from all times and first decreased slightly over time, remained stable later but never reached the level of statistical significance. The association between D-dimer levels and recurrence also showed a decrease over time.
To improve routine clinical application of our model, we adapted the model for recurrence prediction from any point between baseline and 15 months rather than from fixed (3 or 9 months) times. Furthermore, we calibrated the model by estimating and applying shrinkage (calibration) factors, using leave-one-out resampling, which were 0.830, 0.791, 0.817, and 0.705 for prediction from baseline, 3, 9, and 15 months, respectively. The formula and exact specification for the final dynamic prediction model, estimating the cumulative recurrence probability 60 months after the landmark time, can be found in the supplemental material. To facilitate application of this model in routine clinical care, a web-based calculator is provided at http://www.meduniwien.ac.at/ user/georg.heinze/dvpm/.
We also updated the nomogram that was presented in our previous publication. In contrast to the web-based calculator, which allows prediction of recurrence from any points between baseline and 15 months, the nomogram can only be used to predict recurrence from specific times (baseline, 3, 9, and 15 months; Figures 2 through 5).
Internal Validation of the Model
Using resampling techniques, we validated the predictions obtained from our model against the actually observed outcome. The area under the receiver operating characteristic curves (cross-validated discrimination indices) for prediction of the cumulative recurrence risk after 5 years calculated from baseline, 3, 9, and 15 months were 0.63, 0.61, 0.61, and 0.58, respectively. Figure 6 demonstrates the good agreement of observed and cross-validated predicted 60-month cumulative recurrence rates, grouped by quartiles of the respective predicted cumulative recurrence rates. The miscalibration coefficients after shrinkage (deviation from a calibration slope of 1) for prediction from baseline, 3, 9, and 15 months were 0.036 (P=0.846), À0.029 (P=0.886), 0.030 (P=0.909) and 0.059 (P=0.857), respectively. first unprovoked venous thromboembolism estimated by the nonparametric cumulative incidence estimation method, 22 with 95% confidence intervals (dotted lines).
Discussion
To better estimate the recurrence risk in patients with unprovoked VTE, prediction models that integrate clinical and laboratory risk factors have been developed. The rationale behind this approach is to more precisely discriminate between patients with a low and high recurrence risk to facilitate decision making regarding duration of anticoagula- tion. We recently presented the Vienna Prediction Model, which estimates the risk of recurrence from 3 weeks after discontinuation of anticoagulation based on the patient's sex, location of VTE, and D-dimer measured at that specific time. recurrent events improve the precision of the risk estimates. Second, by integrating patient's sex, location of VTE, and serial D-dimer measurements after VTE, the risk of recurrence can now be assessed from any time between 3 weeks and 15 months after discontinuation of anticoagulation, rather than from only one, that is, 3 weeks after anticoagulation. Third, we generated nomograms that can be used to calculate individual risk scores and cumulative recurrence rates from 3 weeks, as well as from 3, 9, and 15 months after discontinuation of anticoagulation (Figures 2 through 5 ). For ease of use in routine care, we provide a web-based calculator that allows risk assessment from any times between 3 weeks and 15 months after anticoagulation. Fourth, we applied a statistical methodology for the occurrence of "competing events" during follow-up including start of antithrombotic therapy or death. 17 The risk of recurrent VTE is low during anticoagulant treatment. [5] [6] [7] Once anticoagulation is stopped, the recurrence risk increases depending on the number and strength of risk factors present in an individual patient. 23 It is less evident but highly likely that the risk of recurrence fluctuates over time. Indeed, our study showed that the effect of both male sex and location of first VTE on the recurrence risk weakens over time, whereas the association with D-dimer levels remains stable. Until now decisions on the duration of anticoagulation have been based on the risk assessment performed only once at a certain time (during or shortly after anticoagulation). This model, which allows prediction of risk recurrence from various later times, provides greater flexibility in counseling patients regarding their own recurrence risk and optimal anticoagulation.
D-Dimer is an integral component of our prediction model. Complementing our previous model, D-dimer levels were measured not only at baseline but repeatedly over 2 years after anticoagulation. Overall, D-dimer levels did not substantially change during this observation period. Repeated D-dimer measurements after stopping anticoagulation were also performed in an Italian study. 24 In that study, patients who had abnormal D-dimer levels both 3 months after discontinuation of anticoagulation and later had a higher risk of recurrence than patients in whom D-dimer remained normal. Our analysis differs from that of Cosmi and colleagues as we evaluated the predictive value of D-dimer on recurrence risk from various times after anticoagulation rather than the effect of D-dimer fluctuations in an individual patient. Thus, a direct comparison between the 2 studies is not appropriate, but results can be seen as complementary. Our prediction model differs from those presented by other investigators. The Canadian prediction rule includes obesity and signs and symptoms of postthrombotic syndrome and uses D-dimer levels measured during anticoagulation. 12 This model is predictive in women, but not in men. Tosetto and colleagues performed a patient-level data analysis of 7 cohorts of patients with VTE. 13 Oral contraceptive use conferred a lower risk of recurrence, and young rather than old age was a risk factor. Both models estimate the risk for recurrence from a single point either during 12 or shortly after 13 anticoagulation. In contrast to the aforementioned studies, we excluded women with VTE during female hormone intake, because of their low risk of recurrence. Age was found not to be predictive for recurrence in our model and thus was not integrated in the model. Our study has some limitations that deserve further comment. Patients with a natural inhibitor deficiency, with a lupus anticoagulant, or who were double heterozygous or homozygous carriers of factor V Leiden or the prothrombin mutation were excluded, because they could be seen as candidates for extended or even indefinite anticoagulant treatment. We also excluded patients with VTE provoked by a transient risk factor, as their recurrence risk is low and extended anticoagulation is not justified. Therefore, our model cannot be applied to these patients. However, we did not exclude patients with distal DVT, because in this population recurrence rates as high as 25% after 6 years have been reported, 25, 26 and, thus, at least some patients with calf vein thrombosis may benefit from extended anticoagulation. Our model does not allow estimating the risk of recurrence between withdrawal of anticoagulants and 3 weeks as well as beyond 15 months. The model has undergone extensive internal validation. However, before widespread application in routine clinical care, external validation is needed to also evaluate its generalizability to other populations with different characteristics such as race or geographic location.
In conclusion, the updated Vienna Prediction Model integrates patient's sex, location of first VTE, and serial D-dimer measurements and allows prediction of recurrent VTE from multiple random times after discontinuation of oral anticoagulation.
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